The crystal structures of (g 5 -C 5 H 5 )W(CO) 3 (g 1 -N-maleimidato) and (g 5 -C 5 H 5 )Fe(CO) 2 (g 1 -N-maleimidato) complexes were determined by single crystal X-ray diffraction. The molecular geometries of both structures are compared with those of the Mo analog of the W complex and ethyl-N-maleimide in order to find a relation between the geometrical features and the rate constants of the addition reaction of the sulfhydryl group of biomolecules to the ethylenic bond of the maleimidato fragment. For a deeper insight into the problem DFT calculation were performed. An analysis of atomic charges, using the CHELPG scheme, and of theoretical electron density function, using the AIM theory, was performed. In the (g 5 -C 5 H 5 )W(CO) 3 (g 1 -N-maleimidato), likewise in its Mo analog, the carbonylÁ Á Ácarbonyl interaction was found both for experimental and calculated structures. It is probably the first approach to explain this type of intramolecular interactions acting in organometallic compounds. This interaction can play the essential role in the reaction mechanism of nucleophilic addition to the maleimidato moiety. The AIM investigations indicate also the differences in the character of bonding between the g-N-maleimidato ligand and the central metal atom.
Introduction
Different types of weak bonding interactions are subject of numerous investigations in many branches of natural sciences. Among them are carbonylÁ Á Ácarbonyl interactions, which can be competitive with hydrogen bonds and similarly as the latter, can play an important role in many chemical, biochemical, or physical processes [1] . For example, it has been found that C@OÁ Á ÁC@O interactions play the crucial role during the formation of cyanuric acid crystals [2] [3] [4] . CarbonylÁ Á Ácarbonyl interactions provide also important contributions to the shaping of secondary structures of proteins. It has been reported that O carbonyl Á Á ÁC carbonyl is a significant attractive interaction holding together a-helices and bsheets [5] [6] [7] . It has been also found during studies of solvent effects, that solvents containing carbonyl groups form complexes with indanetrione derivatives via C@OÁ Á ÁC@O contacts, influencing the electronic structures of the latter [8] . Usually, this kind of bonding is considered as mainly electrostatic, especially for long distances between interacting atoms, when the coulombic forces dominate. The intramolecular carbonylÁ Á Ácarbonyl interactions in organometallic derivatives of maleimide are investigated here. To the best of our knowledge this is the first report dealing with this type of interactions acting in organometallic compounds.
Maleimido compounds are often used for the selective alkylation of thiol-containing biomolecules [9] . Covalently labelled biomolecules with transition metal complexes are very interesting species because their unusual redox properties [10] , IR absorption [11] or luminescence features [12] [13] [14] enable their sensitive detection in biological samples. The reaction rates of transition metal complexes containing the maleimidato ligand with thiol groups in biomolecules were already investigated. It has been reported for the molecular structure of the (g 5 -C 5 H 5 )Mo(CO) 3 (g 1 -N-maleimidato), that two of three carbonyl groups coordinating molybdenum are interacting with O carbonyl atoms of the maleimidato ligand [15] . It was suggested that since this interaction is intramolecular, it can have impact on the reactivity of this compound in a nucleophilic addition reaction of the maleimidato fragment to the ethylenic bond. Here, the molecular structure of (g 5 -C 5 H 5 )W(CO) 3 (g 1 -Nmaleimidato) (1), the tungsten homologue of the (g 5 -C 5 H 5 )Mo(CO) 3 (g 1 -N-maleimidato) (2), as well as the related complex with iron as the central atom, (g 5 -C 5 H 5 )Fe(CO) 2 (g 1 -N-maleimidato) (3), is reported (see Chart 1 with schemes of 1-3). The geometrical features of the above-mentioned Mo derivative and N-ethylmaleimide as the maleimidato moiety in typical organic compound [16] were also taken into consideration. The rate constants and half-live times are explained by the geometrical data estimated on the basis of X-ray investigations. The studies are widened by quantum chemical calculations for Mo, W and Fe organometallic systems as well as for Nethylmaleimide. The computations are carried out on the basis of density functional theory [17, 18] and the quantum theory ''Atoms in Molecules'' [19, 20] .
Experimental

X-ray investigations
For details of the syntheses of the organometallic derivatives see Ref. [15] . Crystals of 1 and 3 were obtained by slow evaporation of aqueous solutions. Single crystals suitable for X-ray measurement were mounted on glass-fibres. X-ray diffraction data were collected at 170 K on a STOE IPDS I using Mo Ka radiation. The unit cells were determined from 8000 reflections. Both crystal structures were solved by direct methods and then refined by full-matrix least-squares methods against F 2 . All hydrogen atoms were placed on geometrically idealized positions and constrained to ride on their parent atoms, with a CAH distance of 0.950 Å and U iso (H) = 1.2U eq (C). Selected crystal data are collected in Table 1. Table 2 contains selected geometrical parameters.
Rate constants and half-lives of reaction of the N-ethylmaleimide metal complexes under discussion with glutathione were determined in a water-methanol mixture (9:1) at pH 7.4 and 24°C. For more experimental details see Ref. [15] .
Computations
Geometries both for metal complexes and for N-ethylmaleimide were fully optimized using DFT methods in the GAUSSIAN-03 set of codes [21] . The starting geometries were taken directly from the crystal structures. The B3LYP functional [22] [23] [24] was applied with the 6-311+G(d) basis set [25, 26] for C, N, O and H atoms and the LanL2DZ basis set [27] [28] [29] for the transition metals. ECP corrections were applied for the latter using LanL2DZ pseudopotentials for core electrons. Wave functions and atomic charges were obtained at the same level of approximation. Population analysis was made using the CHELPG [30] scheme implemented in GAUSSIAN-03. The AIM2000 package [31] was applied for topological analysis of the theoretical electron density function.
Results and discussion
Crystal structures of the W and Fe complexes
In 1 the tungsten atom is coordinated by Cg of the cyclopentadienyl ring at the apex and three carbonyl groups and a nitrogen atom of maleimidato ligand in the basal positions of a square pyramid (a ''four-legged piano stool structure''). Such an arrangement of ligands is in agreement with general observations for this type of coordinating environment. The basal bonds are tilted from the plane of the pyramid base. Distances between the carbonyl ligand carbon atoms and the central atom in the range of 2.009-2.032 Å are close to the average value of this parameter observed in related structures. For example, the average C(carbonyl)AW distance for 1798 (7239 matches) high quality crystal structures (R < 5%, without unresolved errors, no reported structural disorder, without polymeric or powder structures) found in CSD [32] amounts to 2.007(41). The distances C@OÁ Á ÁC (carbonyl) of 2.796(13) Å and 2.921(15) Å for O(14)Á Á ÁC (20) and O(11)Á Á ÁC(40) suggest the possibility of the existence of intramolecular carbonylÁ Á Ácarbonyl interaction, which can be competitive with hydrogen bonds as already proved both by using the CSD crystallographic data and ab initio calculations [1] . The carbonyl ligand C30AO30 forms an almost straight line with the central metal atom, i.e. the angle O30AC30Á Á ÁW is 177.3(6)°, while both other CO groups are clearly out from this linear orientation. The corresponding angles are 172.8(5)°and 173.0(5)°for O20AC20Á Á ÁW and O40AC40Á Á ÁW, respectively. Moreover, the carbon atoms C20 and C40 are clearly oriented towards the oxygen atoms of the maleimide ligand, which also can suggest the existence of mentioned carbonylÁ Á Ácar-bonyl interaction. Since these effects are intramolecular, they may occur not only in the solid state, but also in solution, and may influence the reactivity of the maleimide moiety. As it was mentioned above, such a type of carbonylÁ Á Ácarbonyl interaction was already reported for the homologue of 1 with Mo as central atom [15] . Generally, 1 and 2 homologues have very similar geometrical features, including potential intramolecular interactions. The situation is slightly different in the case of 3. The iron atom is coordinated by Cg of the cyclopentadienyl ring at the apex and two carbonyls and a nitrogen atom of the maleimidato ligand in the basal positions of the trigonal pyramid (a ''three-legged piano stool structure'' in this case). Likewise in 1, the basal bonds are tilted from the plane of the pyramid base distorting the pyramidal arrangement of the three basal ligands with respect to the central atom. The C carbonyl AFe bond lengths are in very good agreement with data collected in CSD. The mean value of FeAC bond lengths in CSD data (2725 high quality crystal structures and 10 000 matches) is 1.784(28) Å while the corresponding values in the reported structure are 1.784(6) Å and 1.789(5) Å for C(10)-Fe and C(20)AFe, respectively. Table 2 contains values of quantities describing the reactivity of the complexes under discussion with glutathione and geometrical parameters of the maleimidato ligand in the corresponding metal complexes. These values are also compared with the corresponding data for N-ethylmaleimide. One can see that only in the case of the C11AO11 and C14AO14 carbonyl groups there is some correlation between bond lengths and reaction rates. All other geometrical parameters seem to change beyond any dependence. Generally, the geometrical differences of the maleimidato moiety in the considered molecules are not significant, especially if one takes into account the estimated standard deviations. However, it is worth mentioning that only in the case of the carbonyl CAO bond lengths in the maleimide moiety there is any observable relation with reaction rate constants.
Observations made for crystal structures give no distinct indication of the role of a potential carbonylÁ Á Ácarbonyl interaction inside the investigated samples, so the crystallographic measurements have been used as a starting point for deeper analysis with the usage of computational methods.
Atomic charge analysis
Atomic charges were estimated for 1, 2, and 3 as well as for N-ethylmaleimide, using the CHELPG scheme (CHarges from ELectrostatic Potentials using a Grid based method [30] ) implemented in GAUSSIAN-03. These charges were evaluated at the same level of approximation as the optimizations of geometries were made. This method of population analysis was chosen since the corresponding results depend only slightly on the level of the applied approximation (method and basis set) as well as the charges calculated in such a way are of the relatively high reliability of obtained results [33, 34] . The radii for W, Mo, and Fe were substituted by the values of distances between the atoms in crystals of tungsten (2.741 Å ), molybdenum (2.725 Å ) and iron (2.482 Å ) according to Table of interatomic distances and configuration in molecules and ions [35] since other van der Waals radii for transition metals are not available. The calculated atomic charges are collected in Table 3 . The atom numbering scheme is the same as that one in the experimental crystal structures (see Fig. 1 ).
As one can see in Table 3 , there is a positive charge concentration on the carbonyl C atoms. Simultaneously, the negative charges are located mainly on the N and O atoms. Moderately negative atomic charges characterize those carbon atoms which are the centers of reactivity in the reac-tion with the thiol group. Interestingly, there are only small differences between the atomic charge values for these carbon atoms in the investigated metal complexes and N-ethylmaleimide in comparison with the differences between the reaction rate constants. This finding as well as the charge distribution in the maleimidato ligand may suggest that whole of the O@CAC@CAC@O sequence of atoms in the maleimidato moiety plays a significant role in the reaction mechanism. This observation can also be supported by the fact that only in the case of the carbonyl CAO bond lengths in the maleimide moiety there is any observable relation with reaction rate constants, as it was mentioned in the previous section. The analysis of charge distribution in this part of investigated molecules allows to suspect that the process of nucleophilic addition to maleimidato moiety is analogous to the mechanism of reaction of conjugated nucleophilic addition to a,b-unsaturated aldehydes and ketones. The probable mechanism of such reaction has been shown on Fig. 2 . The positive charge located on the C carbonyl atoms of maleimidato moiety favors the formation of the transition state.
It is well known, that CO ligands are r-donating, but paccepting moieties. On the other hand, it has been reported in the literature that the imidato ligand shows r and pdonor properties [36] . Hence one could expect that trans carbonyl carbon atom in 1 and 2 will be less positive than its cis counterparts due to the transfer of electrons from imidato ligand to trans CO ligand. Meanwhile in both, 1 and 2 the trans C carbonyl atom is endowed with the greater positive charge surplus than equivalent C atoms in cis positions. Therefore, one may suspect that this is the effect of a partial charge transfer from the oxygen to the carbon atom in a carbonylÁ Á Ácarbonyl interaction. In the light of such observations the intramolecular O carbonyl Á Á ÁC carbonyl contact found in the molybdenum and tungsten derivative may significantly participate in the delocalization of the surplus charge in the transition form that is built during the reaction of the title compounds with L-cysteine or glutathione.
AIM analysis
A detailed topological analysis of the electron density was performed on the basis of the ''Atoms in Molecules'' quantum theory. The wave functions were obtained at the same level of approximation as the optimization procedure was performed. The values of the electron density, the laplacian of the electron density and the ellipticity of bonds were analyzed.
There are four characteristic types of critical points in the AIM topological analysis of the electron density; the attractors, which are the local maxima of electron density usually corresponding to the positions of atoms, then two types of saddle points, which correspond to local extremes of the electron density function characteristic for chemical bonds (bond critical points, BCP) and ring systems (ring critical points, RCP), and finally the cage critical points (CCP) [19, 20] . In the case of the investigated systems there is a certain discrepancy with the general rule according to which all atoms are represented by atomic attractors. The metal atoms are represented by cage critical points surrounded by several non-atomic attractors and critical points (see Fig. 3 ). This is an artefact arising from approximations based on pseudopotential corrections for heavy atoms. The metal valence shell has its own topology, since there are regions of concentrations and depletions of valence electrons in the field of potential. The calculations made for 3 with usage of different basis sets for iron indicate that for the 6-311+G * basis set there is one attractor corresponding to the Fe atom. For the same basis set with the pseudopotential approximation (LanL2DZ) the metal valence shell has its own topology and the same is observed if the LanL2DZ basis set with pseudopotential approximation (also LanL2DZ) is applied. However, it should be pointed out that in the case of molybdenum and even more in the case of tungsten the correction for relativistic effects is an important approximation at all. Moreover, the 6-311G basis is unavailable for these atoms. On the other hand, the above-quoted calculations for 3 indicate that the differences in the quantities characterizing the critical points are very small for compared levels of calculations and mainly concern the closest surroundings of the iron atom (a maximum difference of circa 3% has been found for the electron density and its laplacian at BCP (N-Fe) ).
AIM theory has been found a very useful utility in the investigations of many weak intra-and intermolecular interactions, particularly hydrogen bonds [37] . Generally, it is possible to state on the basis of AIM theory that if there is a critical point with a corresponding bond path between two chemical individuals there should be some chemical bond between them. Furthermore, parameters of the electron density function in BCP may characterize properties of a bond or can be used for estimating its energetic properties. It was found for example that the electron density and its laplacian in BCP of a hydrogen bond correlate very well with energetic parameters of this interaction [38] . Thus, it is worth to realize such analysis for carbonylÁ Á Ácarbonyl contact found in the investigated molecules. Fig. 3(a) and (b) shows that in the case of tungsten and molybdenum derivatives the BCPs with corresponding bond paths connecting O atoms in the maleimide ligand and C carbonyl atoms are present. The electron density value at these BCPs equals approximately q = 0.014 a.u. (see the caption of Fig. 3 ). For comparison, the electron density at the BCP of a hydrogen bond in the water dimer (B3LYP/6-311+g(d) level of calculations, binding energy corrected by basis set superposition error E bin = 5.966 kcal/mol) equals 0.026 a.u. This comparison may provide a rough estimation of energetic parameters of the discussed interaction. One should note, however, that the character of both types of interactions may differ significantly. For example, the binding energy in LiF, mainly erasing from coulombic forces, is close to 135.78 kcal/mol while q in BCP Li-F amounts to 0.06943 a.u. (B3LYP/6-311+g(d) level of calculations). In case of the discussed interaction, as it was repeatedly reported, especially for C@OÁ Á ÁC@O interactions in proteins, the electrostatic forces may have the significant impact, which can be partially confirmed by the atomic charge distribution analyzed in the previous section. Also the laplacian values of q at BCP carbonylÁ Á Ácarbonyl are positive. This is characteristic for closed-shell interactions, such as ionic interactions, hydrogen bonds or van der Waals interactions. Interestingly, the values of the ellipticity e at the carbonyl-carbonyl BCP significantly differ from zero (this parameter illustrates how the electron density shape is flattened crosswise the bond path in BCP; e equals zero for ideally cylindrical bonds, e.g. single CC or triple CC bonds, and differs from zero when the bond cross-section is elliptic). This indicates that the electron density shape is considerably flattened crosswise the bond path. It can be connected with some type of coupling with the metal valence shell localized closely to the interacting O and C atoms. The effect seems to be stronger in the case of the tungsten derivative. It should be pointed out that in the Fe complex the bond paths and hence the corresponding BCPs for carbonylÁ Á Ácarbonyl contacts are not observed.
It was mentioned in the previous section, the imidato ligand shows r-donor and p-donor properties [36] . This N -maleimidato) the contribution is smaller but still comparable to that in the W complex. The FeAN bond seems to be formed only by the r orbital of nitrogen with a very small contribution of p electrons. It can be connected with the fact that, as distinct from 1 and 2, in 3 there is no p-accepting CO ligand in the trans position.
Another interesting feature was observed for the analyzed metal complexes. One can see (Fig. 3) that there are only two bond paths in 1 and 2, and three bond paths in 3, connecting the central metal atom and the C atoms in the cyclopentadienyl rings. This could suggest that the central atoms are g 2 -C 5 H 5 or g 3 -C 5 H 5 coordinated. However, it should be also pointed out that the Pointcaré-Hopf relationship determining the mutual ratio of possible critical points in a non-periodic system is not fulfilled in case of the investigated organometallic systems. This means that the set of found critical points is incomplete. Yet, even individual iterations with highly defined grid-search and with the starting points in the midpoints between the positions of attractors corresponding to suitable C atoms in cyclopentadienyl rings and the position of the metal nucleus have not provided any new critical points. The situation is additionally complicated because of the untypical representation of metal atoms. There is a difficulty in the interpretation of the local topology of metal valence-shell regions deriving from EPS approximations. Nevertheless, if one analyzes the distribution of atomic charges located on the C atoms in the cyclopentadienyl rings, then one can find some relation in those values and the occurrence of the corresponding metal-C bond paths. It is worth mentioning here, that both in crystal structures and in theoretically investigated systems there is observed an asymmetry in metal-p bonding. In 1 and 2 the distance C3-metal is about 0.1 Å longer than the corresponding distances C1-metal and C5-metal. In the case of 3 these differences in metal-p bond lengths of about 0.05 Å are not so significant, but also observable. Generally, it is possible to state that the particular contributions of Cp carbon atoms in p-metal coordination are not equivalent.
Conclusions
It was found that in both 1 and 2 in the solid state there are intramolecular carbonylÁ Á Ácarbonyl interactions, for which the distances between the oxygen atoms in the maleimide ligand and the carbon atoms of carbonyl ligands are shorter than the corresponding sum of van der Waals radii. Also the other geometrical parameters indicate the existence of such interactions. There are similar findings for DFT fully optimized geometries of these metal complexes. The Atoms in Molecules analysis proofs, that there are bond critical points and the corresponding bond paths present for these interactions. The laplacians at these critical points are positive, which is typical for closed-shell interactions. The hypothetical mechanism of nucleophilic addition to maleimidato ligand has been derived. It seems that the carbonylÁ Á Ácarbonyl interactions can additionally stabilize the active transition form in this reaction. In the case of 3, which shows the lowest reactivity in the considered reaction, these carbonylÁ Á Ácarbonyl interactions are not present.
